Introduction
Since Copeland and Salmon (1) first demonstrated that prolonged exposure to a diet low in choline and methionine induces neoplasms in the livers of rats, the underlying mechanisms of dietary choline (or methyl donors) deficiency have attracted a great deal of interest. It is now clear that a diet deficient in choline (or methyl donors) can itself result in hepatocellular carcinoma development without the additional presence of any known carcinogens (2) (3) (4) (5) . Strong promoting ability has also been observed (2, 4, (6) (7) (8) (9) . The essential causes of carcinogenicity,
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however, have not been clarified although roles for several events such as liver cell necrosis in association with subsequent regeneration (5, 6, 10) , hypomethylation of DNA or RNA (11) (12) (13) (14) and amplification of the c-myc gene (15) have been proposed. The possible contribution of oxy radicals in the carcinogenic processes including the stages of initiation, promotion and progression, has been paid particular attention (16) (17) (18) (19) . Also with regard to rat hepatocarcinogenesis induced by dietary choline (or methyl donors) deficiency, induction of DNA lesions and lipid peroxidation of the inner-nuclear, microsomal and mitochondrial membranes have been demonstrated in the livers of rats (4, (20) (21) (22) (23) (24) (25) . Recently, we developed a model of liver carcinogenesis using a choline-deficient L-amino acid defined (CDAA*) diet, in which formation of 8-hydroxydeoxyguanosine (8OHdG), generally accepted as one of die most reliable markers of oxy radical-mediated DNA damage possibly essential for carcinogenesis (26) (27) (28) (29) (30) (31) (32) (33) (34) , correlates with development of putative preneoplastic gamma-glutamyltransferase (GGT) positive focal lesions (35) .
In the present experiment, we studied the effects of dietary iron deficiency on the induction of putative preneoplastic lesions, 8OHdG in DNA and lipid peroxidation in the livers of rats by the CDAA diet since iron is known to be one of the most important catalysts for die formation of highly reactive oxy radicals in a variety of situations (36) and reported to induce 8OHdG in rat kidney DNA when administered i.p. as a form of ferric nitrilotriacetate (34) .
Materials and methods

Animals and diets
A total of 200 male Fischer 344 rats were obtained at 3 weeks of age from Japan SLC Incorporated, Hamamatsu, Shizuoka, Japan and used after being acclimatized for 1 week with free access to Oriental MF Diet (Oriental Yeast Company, Ltd, Itabashi, Tokyo, Japan). The animals were housed in iron-free plastic cages in an air-conditioned room maintained at 25°C with a 12-h dark/light cycle and allowed access to food and tap water ad libitum throughout the experiment. After acclimation, eight experimental groups each consisting of 25 rats were designated.
The CDAA and a choline-supplemented L-amino acid defined (CSAA) diets, of which compositions were described previously (35) , were obtained from Dyets Incorporated, Bethlehem, Pennsylvania (Product numbers 518753 and 518754 respectively). The CDAA diet contained 6.5 mg/kg of choline and 1.75 g/kg of methionine.
The iron content of the CDAA or CSAA diet was 330 p.p.m. while the iron deficient versions of the CDAA and CSAA diets, produced by Dyets (Product numbers 518751 and 518752 respectively), had a value diminished to <5 p.p.m. All diets had a similar calorific content. Diets were stored at 4°C immediately on arrival, and each batch of diets was consumed within 1 month.
Experimental protocol
The experimental period consisted of two parts: 4-week pretreatment and 84-day treatment (periods A and B respectively). Group 1 was given the CSAA and CDAA diets during periods A and B respectively. Group 2 was given the iron-deficient CSAA and iron-deficient CDAA diets during periods A and B respectively. Group 3 was given the CSAA diet during period A and the iron-deficient CDAA diet during period B. Group 4 was given the iron-deficient CSAA diet during period A and the CDAA diet during period B. Groups 5-8 acted as controls for groups 1 -4 respectively. In such groups, rats were treated similarly to those m the respective positive experimental groups with the exception that the CSAA and irondeficient CSAA diets were respectively fed in place of the CDAA and iron-deficiem CDAA diets. All rats were weighed weekly during the first 4 weeks of period H.Yoshyi et al.
B and biweekly thereafter: Diets were replaced every Monday and Friday when average food intake per rat per day was calculated.
Subgroups of five rats from each group were sacrificed under ether anaesthesia at the commencement of period B and 3, 21, 42 and 84 days thereafter. On sacrifice, blood was taken from the bifurcation of the abdominal aorta, and the livers were excised. Sera were fractioned from the blood samples and used for biochemical analyses. The livers were Wotted, weighed and utilized for histotogical, histcchemical, immunohistochemical and biochemical analyses.
Histological, histochemical and immunohistochemical examinations
Liver samples 5-mm thick from three major lobes were obtained, fixed in an ice-cold mixture of dehydrated ethyl alcohol and glacial acetic acid at a ratio of 19:1 for 3 h followed by an overnight incubation in 99.5% ethyl alcohol at 4°C and embedded in paraffin. Three sequential 4-/un thick sections were prepared from each fixed liver slice. One was processed routinely for haematoxylin and eosin staining. GGT activity was demonstrated histochemically in a second by the method of Rutenberg et al. (37) . The remaining section was imrnunohistcchemically stained for ghaathiooe S-transferase placental form (GSTP) binding by the avidin-btotin-peroxidase complex method as described previously (38) . A rabbit anti-rat GSTP antibody was kindly supplied by Dr Kiyomi Saton (Second Department of Biochemistry, Hirosaki University School of Medicine, Hirosaki, Aomori, Japan). Quantitative analyses of the numbers and sizes of GGT and GSTP positive lesions were performed as previously described (39) .
Determination of 8OHdG formation in DNA
Liver sample portions of -2 g wet weight were used. Liver DNA was isolated and digested to deoxynucleosides by a combined treatment with nuclease PI (Yamasa Shoyu Company, Limited, Chohshi, Chiba) plus alkaline phosphatase (Sigma Chemical Company, St Louis, MO) as described by Takagi el al. (33) . The level of 8OHdG formation in each resulting sample was determined highperformance liquid chromatographically by an adaptation of the methods of Floyd et al. (40, 41) and ). An authentic sample of 8OHdG was a generous gift from Dr Hiroshi Kasai (Biology Division, National Cancer Centre Institute, Chu-oh, Tokyo, Japan), and 2'-deoxyguanosine was obtained from Sigma. For the mobile phase, citric acid-acetate buffer (12.5 mM citric acid, 25 mM sodium acetate, 30 mM sodium hydroxide and 10 mM glacial acetic acid), pH 5.1, including 10% methyl alcohol, was set at a constant flow rate of 0.8 ml/min. The HPLC system comprised of an L-6000 pump (Hitachi Ltd, Chiyoda, Tokyo), an Excelpak SIL-C18/5B column (4.6 x 150 mm; Yokogawa Electric Corporation, Mitaka, Tokyo) with an Excelpak SIL-C18/5G guard column (Yokogawa) placed in a 655A-52 column oven (Hitachi) at 35°C, an L-4000 UV detector (Hitachi) and a 1049A electrochemical detector (Hewlett Packard Company, Fort Collins, CO). 8OHdG and total deoxyguanosine (dG) levels were integrated from the peaks gained at 1049 A (600 mV) and L-4000 (290 nm) by a Waters 741 data module (Waters Chromatography Division, Millipore Corporation, Milford, MA) and a D-2500 chromatointegrator (Hitachi) respectively. The level of 8OHdG formation was expressed as the number of 8OHdGs formed per 10 5 of total dGs.
Determination of lipid peroxidation
Peroxidation of liver lipids was quantitated by measuring accumulation of 2-thiobarbituric acid (TBA; Sigma) reacting substances and expressed as a nmol value equivalent (eq) to a standard amount of malondialdehyde (MDA; dimethyl acetal; Aldrich Chemical Company, Incorporated, Milwaukee, WT) by an adaptation of the method of Yagi (42) as described previously (43) . Both the fluorescence spectra for excitation from 240 to 800 nm at 553 nm emission and for emission from 240 to 800 nm at 515 nm excitation of the TBA reacting substances obtained from the 12-weck CDAA diet-treated rat liver samples were exactly identical to those obtained from the MDA standards (D.Nakae, H.Yoshiji, and Y.Konishi, unpublished results). The TBA reaction, therefore, can be used for the determination of lipid peroxidation in the present experiments.
Serum biochemical determinations
Activities of aspartate (AST) and alanine (ALT) aminotransferases in the serum samples were determined as previously described (44) .
Statistical analysis
The statistical significance of intcrgroup differences in quantitative data was determined with the paired Student's /-test.
Results
All rats survived until their scheduled sacrifice time points. During the first 3 weeks of period B, the growth of rats did not differ among the groups. However, body wt increases of rats in groups 1 -4 were retarded thereafter without any effect of the dietary iron deficiency regimen ( Figure 1 ). As early as 3 days after the commencement of period B, the livers of rats exposed to dietary choline deficiency were heavier than those of control rats. Liver weight in group 1 reached a peak at week 6 of period B while those in groups 2-4 reached their peaks at week 3. The livers of rats in group 1 were heavier than those of groups 2-4 at weeks 6 and 12 of period B (Figure 1 ). There were no intergroup differences in terms of food intake throughout period B (Figure 1) .
Inhibition of development of putative preneoplastic liver lesions by dietary iron deficiency
The results of quantitative analysis of GGT and GSTP positive liver lesions at the end of the experiment are summarized in Table  I . In the livers of rats in group 1, 7.57 GGT and 8.32 GSTP positive lesions were detected per cm 2 of specimen. Dietary iron deficiency during period A and/or period B in groups 2-4 significantly reduced the numbers of such lesions. As for the size of the enzyme-altered lesions, the mean diameter of lesions in the livers of rats in group 1 was 1.83 mm for GGT and 1.98 mm for GSTP. Whereas size was not altered in group 4, GGT but not GSTP positive lesions in groups 2 and 3 were significantly smaller.
Inhibition of 80HdG formation in DNA and peroxidation of membrane lipids in the liver by dietary iron deficiency
Results for determinations of 8OHdG formation in DNA and lipid peroxidation in the livers of rats at the end of the experiment are shown in Table n peroxidation increased in a time-dependent fashion in groups 1, 2 and 4 from day 3 of period B. In group 3, an increase was observed from day 3 to day 21 of period B with a tendency for plateau levels to be maintained thereafter. Values in groups 1 and 2 were always the highest and the lowest respectively within the dietary choline deficient groups. During period B, values in group 3 were higher on days 3 and 21 and lower on days 42 and 84 than those in group 4.
Histological findings
In addition to GGT and GSTP positive lesions, fatty cirrhosis developed in the livers of all rats in groups 1 -4. No histological changes were observed in the livers of rats in groups 5-8.
Serological findings
Data for serum levels of AST and ALT at the end of the experiment are summarized in Table HI ALT were elevated in groups 1 -4 as compared with those in groups 5-8. There were no significant differences among groups 1-4. Discussion Previously, we reported a correlation between formation of 8OHdG in DNA and development of enzyme-altered lesions in the livers of rats given the CDAA diet (35) . Both changes were more severe in the case of the CDAA diet than with a semipurified choline-deficient diet (35) . The CDAA diet has the added advantage for the preparation of an iron-deficient version since it does not contain alcohol extracted peanut meal, soy protein isolate or vitamin free casein. As the iron, which is contained in such components, cannot be excluded, it is effectively impossible for its removal from the semipurified cholinedeficient diet. In the present experiment, the dietary iron deficiency attained was observed to inhibit formation of 8OHdG in DNA, induction of lipid peroxidation and development of GGT and GSTP positive lesions in the livers of rats fed the CDAA diet. 8OHdG is a marker of oxy radical-induced DNA damage, which was discovered by Floyd et al. (41) and . Floyd (31) recently gave a commentary about the role of 8OHdG in carcinogenesis and listed several protocols for the assessment of association between 8OHdG formation in DNA or RNA and tumor induction. The importance of 8OHdG formation in DNA is indicated by the finding that its presence in a acted as controls for groups 1, 2, 3 and 4 respectively. In such groups, rats were treated similarly to those in the respective positive experimental groups with the exception that the CSAA and iron-deficient CSAA diets were respectively fed in place of the CDAA and iron-deficient CDAA diets. DNA template causes a-polymerase to miscode incorporation of nucleotides in the replicated strand (29) . It has been reported that 8OHdG within DNA is mutagenic (45) . Taken together, our previous (35) and present results suggest that 8OHdG induced in liver DNA by the CDAA diet could largely account for the hepatocarcinogenicity of the diet in rats.
In the present investigation of the role of iron in the CDAA diet-associated induction of liver preneoplastic lesions, the results strongly suggest mediation by oxy radicals. Furthermore, sequential determination of 8OHdG formation indicated that unrepaired oxidative DNA damage persists and, indeed, accumulates. While it is possible that this might partly be the result of detecting DNA damage in denatured DNAs of necrotic hepatocytes, in the present study, dietary iron deficiency inhibited 8OHdG formation without any marked effect on hepatocellular injury at least when the latter was assessed at the end of the experiment. It is thus suggested that the 8OHdG detected in our previous investigation (35) and in an independent report by Hinrichsen et al. (46) , using rats subjected to a two-thirds partial hepatectomy followed by feeding of a semipurified choUne-deficient diet for 24 weeks, was similarly not simply a reflection of DNA damage in lethally injured cells. However, further studies of the possible relationship between necrosis and 8OHdG formation are required.
Banni et al. (47, 48) claimed that a semipurified cholinedeficient diet did not induce hepatocellular membrane lipid peroxidation and that trans fatty acid and fatty acids with conjugated dienes, present in a partially hydrogenated fat, were absorbed and assimilated in hepatic lipids in rats. They also showed that no conjugated dienes were detected if the diet contained no partially hydrogenated fat but only corn oil. Thus, it should be noted that, at the present time, the potential occurrence of hepatic lipid peroxidation in rats fed a choline (or methyl donors) deficient diet has become doubted. Nevertheless, the present results demonstrated that the TBA reacting substances accumulated in a time-dependent manner in the livers of rats fed the CDAA diet while no such an accumulation was seen in those of rats fed the CSAA diet despite the presence of a partially hydrogenated fat (Primex) at a concentration of 10% in both of the CDAA and CSAA diets, that the CDAA diet-induced accumulation of the TBA reacting substances was inhibited by associated dietary iron deficiency and, finally, that the TBA reacting substances obtained from the samples revealed exactly identical fluorescence spectra to those obtained from the MDA standards. Those demonstrations, therefore, strongly suggest that the feeding of the CDAA diet induces hepatocellular membrane lipid peroxidation in rats. Further studies are necessary to explain the discrepancy between our results and those stated above.
Iron, an essential nutrient for life present in various metalcontaining proteins such as haemoglobin, acts as a catalyst in a variety of chemical reactions, becoming oxidized or reduced. In living creatures, including humans, a deficiency in iron is well known to cause anaemia and growth retardation while a surplus in iron results in haemochromatosis. Moreover, iron is reported to take part in the processes underlying carcinogenicity. Human patients suffering from hereditary haemochromatosis have a high risk of hepatocellular carcinoma development (49) . Experimentally, growth of various malignant tumour cells requires iron (50, 51) , and iron overload enhances experimental colon (52) or mammary carcinogenesis (53) . In an earlier report, we described an inhibitory effect of dietary iron deficiency upon development of putative preneoplastic en2yme-altered hepatocyte foci after initiation with diethylnitrosamine and promotion by phenobarbital in rats (54) . It is conceivable that a considerable number of pathological phenomena, if not all, induced by an alteration of iron level in living creatures may be explained in connection with its role in oxidative stress reactions. In fact, a causal participation of oxy radicals has been proposed in the mechanisms underlying the renal carcinogenicity and nephrotoxicity of ferric nitrilotriacetate (34, 55) and the hepatotoxicity associated with chronic iron overload (49) . In this context, the present inhibitory effect of dietary iron deficiency on 8OHdG formation in DNA, induction of lipid peroxidation and development of GGT and GSTP positive lesions in the livers of rats fed the CDAA diet strongly suggests a causal role for an insufficiency of catalytic iron in the generation of activated oxygen species.
In group 4 of the present experiment, in which dietary iron was diminished only during period A and not during period B, the numbers of GGT positive lesions, 8OHdG formation and lipid peroxidation but not die sizes of the lesions were reduced. Thus, according to Pitot et al. (56) , the division of activities into initiating and promoting compartments and our data suggest that the dietary iron deficiency for 4 weeks prior to the CDAA diet exposure modified only the initiation phase. Our previous report indicated that a significant hepatic iron deficiency is gradually achieved after the start of dietary iron deficiency similar to that used in the present experiment and persists for at least 1 week after return to normal iron intake (54) . Therefore, the duration of effective exposure to dietary iron deficiency would have been shortened in group 4, explaining the reduction only in the numbers of lesions. In addition, since formation of 8OHdG proved time dependent in a linear way, the results for group 4 would also be expected.
Despite the presence of a number of reports indicating an initiating ability of dietary choline (or methyl donors) deficiency (3, 5, 23, 35, 57) , it has been argued that it does not initiate rat hepatocytes per se but only promotes pre-existing spontaneously (or endogenously) initiated hepatocytes (9, 58) . Our data would support, however, the initiating ability of the CDAA diet, dependent on the presence of sufficient iron.
